We describe the development of a monoclonal antibody (MAb) to the hemolymph of fifth-instar larvae of the shield beetle, Cassida rubiginosa Muell. (Coleoptera, Chrysomelidae), to be used as a tool for predator gut analysis. The MAb reacts with all life stages of C. rubiginosa, shows no cross-reactions outside the genus Cassida (31 herbivorous insect species and 12 potential predators of C. rubiginosa were tested), and is less reactive with other Cassida species than with C. rubiginosa. Specificity tests were conducted using an indirect enzyme-linked immunosorbent assay. Western blot analysis following SDS-PAGE showed that the MAb reacts with a single protein of molecular weight 32 kDa. The immunoblot of a native PAGE showed a reaction with three bands, the monomer of 32 kDa and two bands with approximate molecular weights of 60 and 90 kDa. Using this MAb, we were able to unambiguously identify individuals of the model predator Nabis mirmicoides Costa (Hemiptera, Nabidae) after feeding on one C. rubiginosa last-instar larva. The MAb may be useful for predator gut analysis to identify the predator complex of C. rubiginosa. 1999 Academic Press
INTRODUCTION
Creeping thistle, Cirsium arvense (L.) Scop., is considered one of the world's worst weeds (Holm et al., 1977) and the third most important weed in Europe (Schroeder et al., 1993) . Among Swiss farmers, C. arvense was regarded as the most troublesome weed on agricultural land and ecological compensation areas; it is equally problematic in adjacent fields and after recultivation of the compensation area in the course of crop rotation . Because the use of chemical or mechanical control measures is restricted in compensation areas, biological control of this weed using native insects as agents may provide a low-cost alternative and a contribution to more sustainable weed management. Because C. arvense is indigenous to Europe, a potential biocontrol approach is to augment native control agents. This requires the knowledge of factors limiting their current population densities.
One of the most prominent C. arvense defoliators in Europe is the shield beetle, Cassida rubiginosa Muell. (Coleoptera: Chrysomelidae). C. rubiginosa passes through all life stages on the plant. Recently, we determined the beetle densities required to significantly reduce the weed's vigor (Bacher and Schwab, unpublished data) . However, such densities rarely occur naturally. Predation is a major factor reducing beetle densities in the field. The daily probability of a C. rubiginosa larva being killed by a predator is approximately 0.1, throughout all larval instars, as determined in predator exclusion experiments (Bacher, unpublished) . In Phytodecta olivacea Forster, a chrysomelid on broom, Richards and Waloff (1961) found that the greatest single cause of mortality in the egg and larval stages was predatory insects. Predators of Cassidinae and their effects on beetle populations are poorly known. The few reported predator species come from anecdotal observations rather than analytical studies (summarized in Olmstead, 1996; Cox, 1996 ; but see Olmstead and Denno, 1993) .
We report in this paper the development and characterization of a monoclonal antibody (MAb) to an antigen in the hemolymph of fifth-instar larvae for use in gut analysis in order to identify predators of C. rubiginosa in the field. For unequivocal results it is imperative that a MAb is specific and does not cross-react with antigens outside the range of target organisms, including predators. With such a MAb, predator gut contents can be analyzed for the presence of C. rubiginosa antigen, for example by an enzyme-linked immunosorbent assay (ELISA), which is a suitable technique for rapid screening of large numbers of field-collected predators (Sunderland, 1988) .
Immunoassays using MAbs offer investigators a precise, easy, rapid, and economical method to evaluate predators in their natural environment (Hagler et al., 1992) . Greenstone and Morgan (1989) even described serological analysis of predator stomachs as the most efficient and direct approach to gathering long-term data on arthropod predation.
MATERIALS AND METHODS

Sample Preparation
Antigen solution for immunization, hybridoma screening, and antigen characterization was prepared by collecting hemolymph on ice that exuded from incisions in the area above the second pair of legs from some 200 C. rubiginosa fifth-instar larvae. The hemolymph was treated with a few crystals of phenylthiourea (PTU) to retard melanization and stored at Ϫ70°C until needed. All homogenates of insects tested for specificity were prepared by maceration in a tissue grinder in a 0.2 M carbonate buffer, pH 9.5 (1:100; w/v) (Grol et al., 1990) . After centrifugation at 10,000g for 2 min the supernatants were stored in aliquots at Ϫ30°C.
Antibody Production
A female Balb/c mouse (Strain Jlbm(SPF); Biological Research Laboratories Ltd., Fü llinsdorf, Switzerland) was immunized by intraperitoneal injection of 0.2 ml of an emulsion containing 0.1 ml Freund's Complete Adjuvant (ACF; DIFCO Laboratories, Detroit, MI), 0.02 ml hemolymph of C. rubiginosa fifth-instar larvae, and 0.08 ml 0.01 M phosphate-buffered saline (PBS) (pH 7.4). We did not determine the protein content of hemolymph samples and homogenates used in this study. To account for variations in protein content between individuals we always prepared mixed samples of several individuals. For booster injections, a hemolymph-chicken egg serum albumin conjugate was produced through glutaraldehyde-dependent condensation. The mouse received two booster injections after 14 and 21 days, each containing 0.01 ml conjugate in Incomplete Freund's Adjuvant (AIF; DIFCO Laboratories), in corresponding proportions as above. After another 7 days and 3 days prior to fusion, the mouse received a final booster injection of 0.02 ml antigen, PBS, and AIF. Mouse serum was collected before the last booster injection and was tested in an ELISA (see below) for the presence of antibodies to C. rubiginosa hemolymph.
After killing the mouse by decapitation, a splenectomy was performed under sterile conditions. Spleen lymphocytes were fused with FO myeloma cells with polyethylene glycol 1500 (Boehringer Mannheim AG) according to the manufacturers instructions. The cells from the fusion were plated out in hypoxanthineaminopterin-thymidin (HAT; Brown and Ling, 1988 
Hybridoma Supernatant Screening
Supernatant screening of hybridoma cells was performed using indirect ELISA according to Grol et al. (1990) . Clones were tested against hemolymph of C. rubiginosa (1:1000; v/v) and homogenate of Leptinotarsa decemlineata Say. (Chrysomelidae, Coleoptera; last-instar larvae) (1:100; w/v) in a 0.2 M carbonate buffer, pH 9.5 (Grol et al., 1990) . Homogenate solution was centrifuged at 10,000g and only the supernatant was used. Each well of the 96-well assay plates (Immunlon 4 flat-bottom plate; Dynatech Laboratories Inc., Chantilly, VA) was incubated with 100 µl of either hemolymph or homogenate solution overnight at 4°C with agitation (all incubations were performed with agitation). After incubation the plates were emptied and washed five times with a Dynex AM60 multireagent washer (Dynex Technologies Inc., Chantilly, VA), three times with 0.9% NaCl, 0.1% Tween 20, and two times with 0.9% NaCl. To block unoccupied protein binding sites in the wells, 200 µl of a blocking solution (50 mM Tris-HCl, 150 mM NaCl, 1% bovine serum albumin, pH 7.5) was added to each well for at least 1 h at room temperature and then rinsed as above. Hybridoma supernatants were diluted 1:1 with 50 mM TrisHCl, 150 mM NaCl, 0.5% bovine serum albumin (BSA), 0.05% Tween 20, pH 7.5, filled (100 µl/well) in the prepared plates and incubated overnight at 4°C. Plates were rinsed again as above. Horseradish peroxidase conjugated goat anti-mouse IgG (GAM P , Dako A/S Denmark), diluted 1:1000 in the same buffer as the supernatant, was added to each well (100 µl) and incubated for 1 h at room temperature. After washing five times, the wells were each filled with 100 µl of 0.17 mM 2,2Ј-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) as substrate in 3.25 mM sodium perborate, 39.8 mM citric acid, 60 mM sodium hydrogencarbonate solution (pH 4.5). After 10 min of incubation at 25°C in the dark the absorbance of each well was measured using a Dynex MRX microplate reader set at 405 nm with a reference reading at 490 nm.
Each test included two positive controls (polyclonal antiserum from the immunized mouse diluted 1:1000 in 50 mM Tris-HCl, 150 mM NaCl, 0.5% BSA, 0.05% Tween 20, pH 7.5), four types of negative controls (without antigen, without the hybridoma supernatant but with IMDM instead, without antigen and superna-tant, and without GAM P ), and a series of substrate solution blanks.
Of the approximately 900 clones tested we selected a single cell line that we named CRL5-1 and massproduced in 20-ml cell culture flasks. Before using the supernatant containing the MAb in ELISA, it was centrifuged for 10 min at 500g in order to eliminate cells and cell fragments.
All results reported in this paper come from the same supernatant collected over several weeks of mass production. Aliquots of this charge were stored at Ϫ30°C until use. CRL5-1 immunoglobulin isotype was determined with ImmunoType Mouse Monoclonal Antibody Isotyping Kit (SIGMA).
Monoclonal Antibody Cross-Reactivity Tests
The MAb CRL5-1 was tested for cross-reactions against 44 different arthropod species, including 7 Cassida species, 13 chrysomelids, 12 other herbivorous insects, and 12 potential predators of C. rubiginosa (Table 1 ). The ELISA procedure was carried out as described above, except that individual wells were coated with homogenates from the screening organisms 1 . Reactivity of CRL5-1 to Cassida rubiginosa hemolymph and homogenate (of five individuals) and to homogenates (of at least two individuals) of 31 herbivorous insect species, in five aliquots (mean Ϯ SD), as determined by ELISA. Negative control (n ϭ 4) and ABTS substrate blanks (n ϭ 6) are shown at the bottom. The species tested are listed in Table 1. as antigens (1:100; w/v). Of each antigen, five aliquots were tested. The specificity of CRL5-1 within the life stages of C. rubiginosa was established accordingly.
Gel Electrophoresis
Denaturing (sodium dodecyl sulfate, SDS; Laemmli, 1970) and nondenaturing polyacrylamide gel electrophoresis (PAGE) was performed in vertical slabs (7 ϫ 10 ϫ 0.1 cm) using the Bio-Rad mini Protean II cell (Bio-Rad Laboratories, Hercules, CA). SDS-PAGE was conducted on 15% homogeneous gels; nondenaturing PAGE was conducted on 4-20% gradient Tris-HCl ready gels (Bio-Rad). Samples (hemolymph or homogenates) were prepared in 0.33 M Tris-HCl, pH 6.8, containing 10% glycerin and 2% bromphenol blue. For denaturing PAGE, 2% SDS and 5% 2-mercaptoethanol were added to the sample buffer, and the samples were boiled for 5 min prior to being loaded into the wells (5 to 8 µl/well). Electrophoresis was carried out at a constant current of 40 mA until the tracking dye reached the bottom of the gel. Proteins were visualized by silver staining (Blum et al., 1987) . Molecular weights of the
FIG. 2.
Reactivity of CRL5-1 to homogenates of 12 potential predator species tested in five aliquots (at least two individuals; mean Ϯ SD), as determined by ELISA. Negative control (n ϭ 4) and ABTS substrate blanks (n ϭ 6) are shown at the bottom. The species tested are listed in Table 1. proteins were calculated with Image Master VDS Software (Pharmacia) from scanned gels using Pharmacia LMW (Pharmacia Biotech Inc., San Francisco, CA) and Bio-Rad SDS-PAGE low-range standards.
Immunoblotting
Proteins from PAGE gels were blotted onto nitrocellulose membrane (0.2 µm, Schleicher & Schuell GmbH; after Towbin et al., 1979) using the Bio-Rad semidry electrophoretic transfer cell. Nitrocellulose and gels were first presoaked in Towbin transfer buffer (25 mM Tris, 192 mM glycine, 20% v/v methanol, pH 8.3), placed in the transfer cell between layers of presoaked filter paper, and electroblotted with 1 mA/cm 2 for 1 h.
The protein-transferred nitrocellulose membrane was assayed against the MAb by incubating the nitrocellulose in a blocking buffer (0.05% BSA, 50 mM Tris-HCl) for 1 h, washing twice in 0.9% NaCl and once in 0.9% NaCl, 0.1% Tween 20, and then incubating in hybridoma supernatant (diluted 1:5 in 50 mM Tris-HCl, 150 mM NaCl, 0.5% BSA, 0.05% Tween 20) overnight. Afterward, the nitrocellulose was rinsed three times in 0.9% NaCl, 0.1% Tween 20 and incubated in a 1:1000 (v/v) dilution of GAM P for 1 h. After washing, the nitrocellulose was developed with 3,3Ј-diaminobenzidine tetrahydrochloride substrate (DAB; Fluka Chemie AG, Buchs, Switzerland; 0.05% DAB in 50 mM TrisHCl, 150 mM NaCl, 0.08% imidazole, 2% ammonium nickel sulfate, 0.08% cold H 2 O 2 ). Blots of native gels were prestained with a total protein stain (Protogold; British Biocell International, Cardiff, UK) before immunoreaction with the MAb. Immunoblots of denaturing gels were conducted for all life stages (except the egg stage) of C. rubiginosa; immunoblots of nondenatur -FIG. 3 . Reactivity of CRL5-1 to homogenates of all life stages of Cassida rubiginosa, tested in five aliquots (at least five individuals; mean Ϯ SD), as determined by ELISA. Negative control (n ϭ 4) and ABTS substrate blanks (n ϭ 6) are shown at the bottom. L1-5, first-to fifth-instar larvae.
ing gels were conducted for fifth-instar hemolymph only.
Predator Feeding Experiment
Individuals of the model predator Nabis mirmicoides Costa (Hemiptera, Nabidae) collected on C. arvense in the field were allowed to feed on one fifth-instar larva of C. rubiginosa. The predators were deep frozen at Ϫ30°C within 15 min after feeding and stored at that temperature until assayed. Indirect ELISA was performed on homogenized individual predators as described above. Each individual was tested in five aliquots. N. mirmicoides individuals kept in the laboratory on aphids (Acyrthosiphon pisum Harris) served as controls.
RESULTS
We selected CRL5-1 for our studies because of its specificity and sensitivity to C. rubiginosa antigen. The murine MAb CRL5-1 is of the immunoglobulin subclass IgG1. In the indirect ELISA, CRL5-1 showed high responses to the hemolymph and homogenates of the last instar of C. rubiginosa. The MAb also recognizes other species within the genus Cassida but to a lesser extent (Fig. 1) . All other herbivorous insects tested showed no reactions with CRL5-1; they all yielded optical densities similar to the blanks and negative controls (Fig. 1) . The same results were obtained in tests with potential predators (Fig. 2) . In ELISA, CRL5-1 recognized all life stages of C. rubiginosa (Fig.  3) . The strongest reaction was against the hemolymph of the last larval instar.
SDS-PAGE analysis revealed that CRL5-1 binds specifically to a protein with a molecular weight of 32 kDa (Fig. 4) , which is present in all life stages of C. rubiginosa tested (Fig. 5) . In the native PAGE (Fig. 6) , CRL5-1 reacts with three bands of approximate molecular weights of 30, 60, and 90 kDa, suggesting that at least part of the antigenic protein occurs as di-and trimer.
Using CRL5-1 in indirect ELISA, we were able to unambiguously discriminate between individuals of the model predator N. mirmicoides that fed on one C. rubiginosa last-instar larva and those that did not, choosing an arbitrary detection threshold of the highest mean reaction intensity of the controls plus five times its standard deviation (Fig. 7) . Thus, the epitope on the 32-kDa protein is still recognized by CRL5-1 after being exposed to the gut milieu of N. mirmicoides.
DISCUSSION
Specificity of CRL5-1
CRL5-1 is the first published MAb suitable for predator gut analysis which is targeted to a nonpest organism and is the first specific to a beetle antigen. Previously published MAbs for predator identification were produced against Lepidoptera (Helicoverpa zea (Boddie), fifth larval instar: Lenz and Greenstone, 1988; H. zea, egg: Greenstone, 1995; Heliothis virescens (F.) , egg: Greenstone and Trowell, 1994 ; Pectinophora gossypiella (Saunders), egg: Hagler et al., 1994) , Heteroptera (Lygus hesperus Knight, egg: Hagler et al., 1991) , Homoptera (Bemisia tabaci (Gennadius), egg: Hagler et al., 1993) , and mollusks (Arion ater (L.): Symondsom and Liddell, 1993a; Deroceras reticulatum (Mü ller): Symondson and Liddell, 1996 ; Tandonia budapestensis (Hazay): Symondson et al., 1997) , all of which are considered agricultural pests. MAbs are also used for diagnosis of parasitism in insects Greenstone, 1996, 1997) . To date, there are only a few predator-prey systems in which MAbs have been applied in field studies to investigate trophic relationships (Hagler et al., 1992; Hagler and Naranjo, 1994a,b; Symondson and Liddell, 1993b) . This is due mainly to the relatively long time period required for producing a MAb and calibrating a suitable assay (Agusti et al.,   FIG. 4 . SDS-PAGE (15%) of fifth-instar larval hemolymph proteins of Cassida rubiginosa (a) and molecular weight standards Bio-Rad SDS-PAGE low range (b). The 32-kDa protein to which CRL5-1 binds specifically is indicated by an arrow. 1999; Greenstone and Hunt, 1993; Hagler and Cohen, 1990; Hagler, 1998; Stuart and Greenstone, 1997; Liddell, 1993b, 1995; Symondson et al., 1997) . Once calibrated, however, MAbs can provide the most sensitive, accurate, and time-efficient tool for studies on predator-prey relationships, if they are sufficiently specific (see Powell et al., 1996 , for a comparison of methods to identify the predator complex of a prey species). CRL5-1 reacts with all species of the genus Cassida tested and with all life stages of C. rubiginosa but showed no cross-reactions outside the genus Cassida. Therefore, for studies on the predator complex of C. rubiginosa, sites have to be selected where C. rubiginosa does not co-occur with other Cassida species. This premise can be easily accomplished because C. rubiginosa is by far the most abundant shield beetle at our study sites (S.B., personal observation). At very few sites, it occurs together with C. vibex, which also feeds on C. arvense. We never found other shield beetles at our C. rubiginosa study sites in ecological compensation areas. By selecting sites at which C. rubiginosa is the only shield beetle, the identification of the predator complex of C. rubiginosa with CRL5-1 should be feasible.
CRL5-1 recognizes all life stages of C. rubiginosa. It can, therefore, be applied for a qualitative identification of field-collected predators of all stages.
Suitability of CRL5-1 for Predator Gut Analysis
In feeding trials in the laboratory, CRL5-1 unambiguously identified individuals of the model predator N. mirmicoides fed one individual of C. rubiginosa. Olmstead (1996) considers N. mirmicoides as a predator of C. rubiginosa and C. vibex. N. mirmicoides may be an important predator of C. rubiginosa, as we observed them in large numbers on C. arvense. In the only experimental study of predators of Cassidinae, Olmstead and Denno (1993) found that large heteropterans with long mouthparts are able to overcome the defense of shield beetle larvae, whereas others often are deterred by the shields of the larvae. Dempster (1960) found Hemiptera (including N. mirmicoides) to be important predators of the chrysomelid Phytodecta olivacea (Coleoptera, Chrysomelidae). However, before quantitative data can be gathered from field-collected predators, detection times of the antigen in different predator species and the influence of prey stage and amount eaten, predator weight, immunoassay, temperature, and time since last C. rubiginosa meal must be determined (Agusti et al., 1999; Greenstone and Hunt, 1993; Hagler and Cohen, 1990; Hagler, 1998; Fichter and Stephen, 1981; Sopp and Sunderland, 1989; Sopp et al., 1992; Stuart and Greenstone, 1997; Liddell, 1993b, 1995; Symondson et al., 1997) .
CONCLUSIONS
In combination with quantitative collections of predatory arthropods (see, e.g., Sunderland et al., 1987) and after calibration of a suitable immunoassay as outlined above, CRL5-1 may be used to determine field predation rates at the population level of predator species. For more detailed studies of predator-prey interactions in C. rubiginosa, results obtained with CRL5-1 should be complemented by other approaches. We aim to produce a series of MAbs specific for different life stages of C. rubiginosa. This task could be achieved by selecting, for example, species-specific storage proteins such as vitellin occurring in the egg stage or arylphorin in the late larval instars as antigens for immunization. Such an approach has been successfully realized in Helicoverpa zea (Lenz and Greenstone, 1988; Greenstone, 1995) . Stage specificity was also reached in MAbs targeted against other insects (Hagler et al., 1991 (Hagler et al., , 1993 (Hagler et al., , 1994 Greenstone and Trowell, 1994) . The amount of antigen required for each immunoassay is small enough to allow an individual predator meal to be tested against a wide range of antisera (Sunderland, 1988) . In combination with continuous long-term surveillance of C. rubiginosa individuals in the field (currently being implemented), we may be able to better quantify predation events in the field.
Our study is framed within the field of biological weed control. By identifying the most important enemies of C. rubiginosa, it provides us with a point of departure to increase herbivore densities, and thus the stress on the weed, by manipulating enemy densities.
Investigating the effect that natural enemies of a herbivorous insect can have on the population dynamics of the host plant by regulating the herbivore is a rather unusual approach in biological weed control. Such cascade effects over several trophic levels, however, may be highly important in the biological control of native weeds with native agents (Bacher, 1997) .
